INTRODUCTION AND BACKGROUND
The Hanford Site has 177 underground waste tanks which store approximately 253 million liters of radioactive waste from 50 years of weapons production'. Twenty-eight (28) of the tanks are double-shell and were constructed of welded ASTM A537-CI 1 (UNS K02400), A515 (UNS K03101), or A516-Grade 60 (UNS K02100) material. The inner tanks of the double shell tanks @ST) were stress relieved following fabrication. One hundred and forty-nine (149) of the tanks are a single-shell design and are made primarily of welded ASTM A283, Grade C material. The single shell tanks were not stress relieved following fabrication. Tank waste is in liquid, solid and sludge forms. Tanks'also contain a moist vapor space above .the solid'and liquid waste regions. The composition of the waste varies from tank to tank, but, in general terms, has a high pH (>12) and contains nitrates and nitrites and other minor constituents resulting from plutonium separation Leaks began to appear in the single-shell tanks shortly after the introduction of untreated nitrate based wastes in the 1950's. Leaks are now suspected to be present in a significant number of the single-shell tanks which were not stress-relieved after welding and fabrication'. The probable modes of corrosion failures are localized corrosion, in particular, nitrate stress corrosion cracking and pittin$.
Previous efforts to monitor internal corrosion of waste tank systems have included linear polarization resistance (LJ' R) and electrical resistance (ER) techniques"'. These techniques are effective in monitoring general corrosion, but are not suited for detection of localized corrosion. The use of electrochemical noise for monitoring waste tank corrosion was investigated by the Savannah River Site, but the results from these tests were not conclusive7.
For many years, EN has been observed during corrosion and other electrochemical reactions and the phenomenon is wellestabli~hed*-'~. It has been reported elsewhere that electrochemical noise evaluation is well suited for monitoring and identifying localized corrosion, and for the measurement of general corrosion rate^'^-^. Typically, EN consists of low frequency (c 1 Hz) and amplitude (0.1pV-10 mV and 10 nA/cm2 to lO,uA/cm2) signals which are spontaneously generated by electrochemical reactions occurring at corroding or other surface?. The use of electrochemical noise for the monitoring and detection of localized corrosion processes, in particular, has received considerable attention and plant application in recent * The EN evaluation approach involves the monitoring of instantaneous fluctuations in corrosion current and corrosion potential between nominally identical electrodes of the material of interest in the environment of interest. Time-dependent fluctuations in corrosion current are described by electrochemical current noise (ECN), while time-dependent fluctuations of corrosion potential are described by electrochemical potential noise (EPN). The most straight foward method involves simple statistical examination of the temporal records with detailed investigation of identified regions of interest. Other methods of analysis involve transformation of temporal data to the frequency domain for analysis". Each type of localized corrosion phenomenon presents a unique relationship between ECN and EPN transients, thereby allowing distinction between different types of localized corrosion (e.g. pitting, stress corrosion cracking, intergranular attack, etc.).
TEST EQUIPMENT, MATERIALS, AND PROCEDURES

Electrochemical Noise Equipment
The electrochemical instrumentation consisted of a multi-technique integrated electrochemical corrosion monitoring system manufactured by Capcis March Ltd. with the 'associated software used for data collection and processing. The system was controlled by an IBM?) compatible computer through an IEEE-488 standard interface and included a multiplexer which allowed sequential data collection on up to 12 channels. The system included electrochemical noise signal processing modules, linear polarization modules for LPR measurements, and a frequency response analyzer with an electrochemical interface for conducting electrochemical impedance measurements.
Data from the EN tests were collected using the DENIS@) software. The EN equipment was programmed to measure and record ECN and EPN at one second intervals for 512 seconds sequentially on separate channels. Each channel corresponded to a different material/solution combination. Data files and summaq statistics for the data collection period were saved automatically. A one minute delay separated sequential data files.
* .
As shown in Figure 1 , EN. evaluations require three electrodes: working electrode 1 (WEl), working electrode 2 (WE2) and a reference electrode. WE1 and WE2 are nominally the same material although in these experiments WE2 is stressed while WE1 was not. WE2 was common to both the measurement of ECN and EPN. Corrosion coupling current, or ECN, was measured between WE1 and WE2 through a zero resistance ammeter (ZRA). The sign convention of the ZRA was such that the ECN was negative when WE2 was anodic (corroding) with respect to M I .
Electrochemical potential noise of WE2 was measured with respect to either a true reference, Fischer Scientific silver-silver chloride half cell directly immersed in the test solution, or against a pseudo-reference. Since voltage is measured on a relative scale, a reference electrode was used to provide a baseline against which to measure electrical potential (voltage). A pseudo-reference is a piece of the same material as WE2 which was immersed in the same solution. By using a pseudoreference, current and voltage signals (Le. EN) could be evaluated against nominally identical electrodes. This provided greater sensitivity for potential changes due to localized corrosion events. On average, the corrosion potential of the pseudoreference was very close to that of WE2 and therefore acted as a "self-reference". Since WE2 and the pseudo-reference were connected only through a high resistance voltmeter, changes in potential experienced by WE2 were recorded with zero offset voltage (self reference).
In most cases the silver-silver chloride reference was used early in the testing so that movement of absolute potential could be recorded. By doing so, it was possible to compare the measured potential with electrochemical potentiodynamic polarization behavior measured prior to EN testing. This information was collected for academic more than practical interest since half cell electrodes are not stable in the environments of interesp. In most cases, the silver-silver chloride reference electrodes quickly deteriorated after only a few days of exposure and were removed. Pseudo-references were used to measure EPN after removal of the reference electrodes. The pseudo-references were used without difficulty for the remainder of the tests.
Approximately 25 cm2 of the U-bends for WE2 and 10 cm2 of the flat coupons used for WE1 and pseudo-references were submerged in the solution. Since it was difficult to determine the exposed area prior to the test, the electrochemical data were . collected on the basis of the software default value of 1 cm2 of specimen area. Calculations of general corrosion rates subsequent to data collection were corrected for actual measured exposed area. Table 1 gives the test conditions and data fie information. File names correspond to the last two digits of year (1994=94), alphabetical number of month (e.g. November = K), date, alphabetical number of 24 hour time (e.g. K= 11:00), and minutes.
Materials and Specimens
For example, file 94JUOK33 was started on November 10,1994 at 1 1 3 .
Testing was performed using simple pre-fabricated specimens. These samples illustrate that, in concept, sensors should be simple and robust. Flat coupons and U-bends of A516 and A537 were used. The U-bend specimens were manufactured and stressed in accordance with ASTM G30. Stainless steel weld rod was spot welded to the specimens and was used to make the electrical connections to the electrochemical equipment. However, care was taken to not immerse the stainless steel in the test solution to eliminate possible galvanic effects.
Specimens were prepared to facilitate the initiation of localized corrosion phenomena. Specimen surfaces were not intended to represent actual waste tank wall conditions. U-bend specimens were prepared to facilitate the initiation of stress corrosion cracking by scoring a notch into the surface of the U-bend in the region of maximum stress. Flag electrodes were wet polished lightly with 600 grit sandpaper to facilitate the initiation of pitting corrosion. Specimens were degreased with acetone and cleaned with methanol and distilled water prior to submersion in the test solution.
@) Registered Trademark of Capcis March Ltd.
Selection and Composition of Test Solution Chemistry
High rates of localized or general corrosion probably occur infrequently, if ever, in the waste tanks under "normal" or reference waste tank chemistry conditions. This assumption is supported by previous t e s t i n e and over 400 tank-years of operation at Hanford under the current DST chemistry controls'. In the reference case, steel submerged in solutions will be passive and there will be very little corrosion activity and little, if any, electrochemical noise. Further, general corrosion, passivity, stress corrosion cracking and pitting all occur at different absolute electrochemical corrosion potentials (ECPs). Therefore, they do not occur at the same instant on the same material in the Same solution. Although a deviation from actual service condition, in order to verify that EN could detect and discriminate between various forms of localized and general corrosion, it was necessary to induce the desired forms of corrosion by chemically shifting the ECP in to the range where each form of corrosion could occur.
The available literature and tank specifications were reviewed and individuals and organizations with experience in corrosion of waste tank systems were consultePs3'. Results in the literature indicated that cracking of plain carbon steels in nitrate solutions was fairly straightforward'. However, private communication from more recent investigators indicate that this may not be true and that cracking results were somewhat variable with substantial heat to heat variations%. It was decided that 5M and 11 M NaNO, with 0.3M and 0.15M NaOH, respectively, at temperatures above 90°C would be reasonably close to possible off-normal tank operating conditions and produce some form of localized corrosion, either pitting, stress corrosion, or stress assisted intergranular attack on the mild steels of interest.
Solutions were prepared from reagent grade NaNO, and NaOH with distilled, demineralized water. The error in molarity of the solutions is estimated to be -c 0.02 moledliter (M>. Temperature-controlledelectrochemical vessels were used to maintain the test solutions within * 2°C of the desired test temperature. Since the waste tank solutions are in contact with air, no attempt was made to deaerate the test solutions. The pH of the solution was periodically measured ensure that the pH was greater than 12.
At termination of testing, the specimens were removed from solutions and metallographically examined to correlate EN data with corrosion damage.
RESULTS AND DISCUSSION
Post-test Appearance of Specimens
The specimens had a dull metallic finish where they had been submerged in the solution. The specimens were more heavily corroded above the solution level than below the solution level pigure 2), similar to the reported appearance of the t a b themselves". This effect was caused by moisture from the simulated waste solution evaporating at the liquidlair interface and condensing on the metal surfaces in the vapor space. This condensate contained little or no NaOH as compared to the solution and was saturated with oxygen. The net effect was uniform corrosion at and above the liquidlvapor interface and localized forms of corrosion below the liquidvapor interface.
Summary Statistical Data
Tests were conducted for between 140 and 240 hours. In this time period, more than 1250 data files were collected requiring 16 megabytes of storage. Summary statistical information from each of the 1250 data files were gathered using the DENIS1236 software. This software package interrogates each of the data files and collects mean, standard deviation and root mean square statistics for the EXN and EPN data sets along with resistance noise (Q and degree of localization (DOL) for the data files. The DOL is the ratio of the standard deviation of the Z M current for a particular set of EN data to the root mean square ZRA current and has been reported to be a simple and reliable measure of the tendency towards localized corrosion behaviof'"'. The resistance noise is the ratio of the standard deviation of potential to the standard deviation of current for a particular set of data and can be related to charge transfer resistance. These summary statistics give an overview of the eIectrochemica1 progression of the material in the environment. Presentation of each of the 1250 EN data files is not feasible or practical. By reviewing the trends of the statistical parameters, periods of electrochemical activity can be identified 0 Registered Trademark of Capcis March Ud. * and a detailed examination of the electrochemical noise records for the period made. Complete data sets are available from the authois. The following is a summary of corrosion behavior observed for each of the materiflenvironment combinations investigated e .
A516 in 5M NaNO, + 0.30M NaOH @ 90°C for 220 h
Figures 3 through 8 show the mean and standard deviation of ECN, mean and standard deviation of EN, K , and DOL for A516 in 5M NaNO, + 0.30M NaOH.
After the specimen was initially immersed in the test solution, the EN data were dominated by the establishment of equilibrium between the clean metal and oxygenated test solution. The mean corrosion current was net cathodic (positive)
for WE2 (U-bend) during the first several scans as the fresh metal surfaces promote cathodic reactions which registered as positive currents through the ZRA (Figure 3 ). Mean corrosion current decreased over the next five hours, passing through zero and eventually becoming negative (anodic). The standard deviation of the ZRA current ( Figure 4 ) increased with the increased anodic activity on WE2.
The potential of the specimen increased (became more noble) from -340 mV to -175 mV versus Ag/AgCI ( Figure 5 ) during the first 86 hours. The standard deviation of EPN increased ( Figure 6 ) along with the standard deviation of the ZRA current and was indicative of pit initiation. Pitting transients generally occurred when the mean specimen potential was between -230 and -240 mV versus Ag/AgC1. The value of R,, varied between 1,000 and 10,000 ohms (Figure 7) .
After approximately 86 hours of exposure, the specimens were removed and examined. After examination, the specimens were placed back in the solution and the true reference was replaced by a flat specimen of AS16 from the same heat of material which served as pseudo-reference for the remainder of the experiment. Note that the potential of WE2 was approximately 100 mV more positive (anodic) in potential with respect to the pseudo-reference (unstressed material). The effect of removal and restart of the experiment can be seen in Figures 3 and 5.
The DOL increased and decreased over the course of the testing as pitting initiated and propagated (Figure 8 ) . Detailed analysis of the time records for this test showed that pit propagation transients appeared after about 36 hours into the test. Figure 9 shows the detailed ECN and EPN records for a large series of pitting and "reverseyy pitting events approximately 96 hours into the test. Current transients were on the order of 5 to 6 ,LA and WE2 was anodic with respect to WEl.
'
Occasionally during the course of the testing "reverse" pitting transients were observed (e.g. at 250 and 275 seconds of Figure  9 ) which correspond to pitting of WE1, the flat coupon connected to WE2 through the ZRA. No evidence of stress corrosion cracking was observed on the U-bend or other specimens. High magnification examination of the entire surface of the specimen was not possible but pitting was obviously the dominant corrosion damage mechanism for AS16 in this environment from both the EN and metallographic analyses.
A516 in 11M NaNO, + 0.15M NaOH @ 95°C for 100 h Figures 11 through 16 show the mean and standard deviation of ECN, mean and standard deviation of EE'N, %, and DOL for AS16 in 11M NaNO, + 0.15M NaOH.
For the first 48 hours after immersion, the mean current vacillates between positive (cathodic) and negative (anodic) values ( Figure 11 ). Standard deviations of current and potential were largest between 24 and 48 hours after immersion (Figures 12 and 14) . After approximately 48 hours, mean potentials of the stressed specimen versus the pseudo-reference were slightly negative (cathodic). The value of R,, was stable (Figure 15 ), but DOL increased to near unity after 48 hours.
Detailed investigation of the EN data exhibited large current and potential transients superimposed on a background of transients in both the positive and negative directions, (Figures 17 and 18) . More current transients were positive than negative in direction which accounts for the more cathodic potential of the stressed electrode versus the unstressed pseudo-reference electrode. Current transients in the positive direction with net cathodic mean currents are indicative of stress corrosion cracking. Current transients in the negative direction are generally associated with pitting events.
* Data in Figure 17 shows a positive mean current that remains positive when large current and voltage transients begin to occur. The transients at 80 seconds are indicative of stress corrosion cracking while the transients at 320 seconds are' indicative of a pitting event. The mean current remained positive and more stress .corrosion cracking transients were recorded (Figures 11 and 18 ).
At low magnification, the surface appeared relatively unaffected by 100 hours of exposure (Figure 19(a) ). At higher magnifications, the surface of the specimen revealed macropits, micropits and cracks ( Figure 19@) ).
Stress corrosion cracking of mild steels in nitrate solutions has been reported to be intergranular and the result of active path dissolution mechanisms*31. The presence of pits and stress corrosion cracks on the same specimen was confirmed by EN signals and metallographic examination. Pitting is generally associated with the transpassive behavior of a material. Active path stress corrosion cracking can be associated with the passive to active transition behavior of the material. The EN data suggests that the material oscillated between these two types of corrosion phenomena. This result further suggests that the increased concentration of nitrate in the solution may narrow the potential range over which the material is passive in the environment. This would mean that relatively small shifts in potential would result in shifting from pitting to stress corrosion cracking and visa versa. It is not possible from these tests to determine if this is the case. Nonetheless, EN analysis detected and predicted both stress corrosion cracking and pitting and both forms of corrosion damage were confirmed by metallography.
Further investigation would be necessary to determine why both types of localized corrosion occurred in this environment.
One possibility is that the localized corrosion mechanism is stress assisted intergranular attack as has been reported by otherslg. The metallographically obseryable corrosion damage resulting from stress assisted intergranular attack is similar to intergranular stress corrosion cracking. Since the duration of this experiment was only 100 hours, it is possible that the electrochemical signals and the corrosion damage observed represent the initiation of stress, assisted intergranular attack A537 in 5M NaNO, t 0.3M NaOH @ 95°C for 242 h Figures 20 through 25 show the mean and standard deviation of ECN, mean and standard deviation of EI ! N, %, and DOL for A537 in 5M NaNO, + 0.3M NaOH.
After the specimen was initially immersed in the test solution, the mean corrosion current was net anodic (negative) for WE2 (U-bend) during the first 24 to 36 hours ( Figure 20 ). Mean corrosion current increased over time, passed through zero and became positive during the first 80 hours. The standard deviation of the ZRA current ( Figure 21 ) was large over the first 36 hours, as compared to the period between 36 and 80 hours.
The potential of the specimen increased (became more noble) from -340 mV to -225 mV versus Ag/AgC1 (Figure 22 After approximately 80 hours of exposure, the specimens were removed and examined. After examination, the specimens were placed back in the solution and the true reference was replaced by a flat specimen of AS37 from the same heat of material which served as pseudo-reference for the remainder of the experiment. Note that the potential of the U-bend specimen was approximately 50 mV more negative (cathodic) in potential with respect to the pseudo-reference (unstressed material). The disruptive effect of removal and restart of the experiment can be seen in Figures 20 and 22 .
The DOL increased and decreased over the course of the testing as pitting initiated and propagated ( Figure 25 ). Figure 26 shows the detailed ECN and EPN records for pittingevents approximately 30 hours into the test. Current t r k i e n t s were on the order of 10 to 3 O p l and WE2 was anodic with respect to WE1. The number of pitting transients observed over the course of the test with A537 in 5M NaNO, + 0.3M NaOH @ 95°C were small in number as compared to AS16 in the same environment, as can be seen by comparing Figure 26 with Figure 9 .
Pitting damage was confirmed by post test metallographic examination of the surfaces of the U-bends and the flat specimens (Figures 27(a) and 27(b)). The size and density of the pits were less than was observed on the A516 material in a similar solution (Figures 27(a) , 27(b), lO(a) and lo@)).
* No evidence of stress corrosion cracking was observed on the U-bend or other specimens. Examination of the entire surface of the specimen was not possible and pitting was the dominant corrosion damage mechanism from both the EN and metallographic analyses.
, .
The behavior of A537 material in 5M NaNO, + 0.3M NaOH @ 95C was similar to that of A516 in the same environment.
Pitting was the dominant in behavior but fewer pitting transients were observed, on average, when compared w i t h the M16.
The differences in electrochemical behavior is likely related to compositional and microstructural differences in the materials.
GENERAL CORROSION RATES AS DETERMINED BY EN AND LPR
During the course of the tests, linear polarization (LPR) tests were occasionally performed to measure general corrosion rates on the specimens. General corrosion rates can also be predicted from the average & values collected during the EN scans.
The purpose of these tests was to compare the general corrosion rates recorded by the two techniques.
General corrosion rates measured using LPR data were typically on the order of 0.25 mils per year (mpy) for all three alloys in 5M NaNO, f 0.3M NaOH @ 90°C. General corrosion rates for A516 and A537 calculated from average R,, data were between 0.2 and 0.4 mpy in 5M NaNO, + 0.3M NaOH @ 90°C. General corrosion rate for mild steels calculated in the Hanford Unified Waste Model from chemistry of the simulated solutions are -0.4 mpy. This model is a based on work performed at Pacific Northwest Laboratory between 1980 and 1985. Over 3000 data points from 60 different waste chemistries were collected and analyzed to produce this
SUMMARY AND CONCLUSIONS
Proof of principle tests using electrochemical noise analysis were conducted with A516 and A537 mild steels in concentrated NaNOJNaOH solution at temperatures above 90" C. The purpose was to verify the capability of EN evaluation to detect localized corrosion. Tests were conducted for between 140 and 240 hours. Electrochemical noise signals' were correlated with post-test metallographic examination of specimen surfaces. The following conclusions are supported by the test results:
1.
2.
3.
4.
5.
6.
EN was shown to be capable of detecting and discriminating between uniform and localized corrosion events.
EN detected pitting on A516 and A537 in 5M NaNO, + 0.3M NaOH solutions. Pitting damage was confirmed by metallographic examination. Pitting on A516 was more extensive as compare to A537.
EN detected and discriminated between cracking and pitting phenomena on 516 in 11M NaNO, + 0.15M NaOH solutions. Appearance of both indicates that passive region of llMNaNO, + 0.15M NaOH may have been narrower, as compared with A516 in the 5M NaNO, + 0.3M NaOH environment. With a narrower passive region, localized corrosion could shift between the two localized corrosion phenomenon. Another possibility is that the localized corrosion mechanism is stress assisted intergranular attack as has been reported by others". The metallographically observable corrosion damage resulting from stress assisted htergranular attack is similar to intergranular stress corrosion cracking.
Considering the short testing period, other forms of corrosion which have been reported in the literature (stress assisted intergranular attack) may have needed longer time for conditions to develop. This was particularly true of thi 11M NaNO, f 0.15M NaOH solution.
There is good agreement between general corrosion rates predicted by LPR and & data, Hanford models and literature reported rates.
Results from these tests provide sufficient proof of principle of the EN technology to proceed with in-tank development of an operational prototype system.
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